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Kinematics'for'Forward'Neutron'Production
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Neutron Energy／Proton Energy

Well Explained by One-Pion Exchange 

Momentum Transfer 
~ 100MeV/c < 2mrad

Production Mechanism of 
Forward Neutron @ Ep=100GeV



Transverse Single Spin  
 Asymmetry
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Proton
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Zero Degree Counter (ZDC)
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Asymmetry Measurements using 
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Transverse Single Spin  
 Asymmetry
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~6%

Observed at PHENIX  in Run6



AN ≈
φnon− flip
* φ flip sinδ( )
φnon− flip

2
+ φ flip
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Unpolarized Cross Section

p↑+p Forward Neutron AN
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δ : phase shift
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φnon− flip
* φ flip sinδ( )
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p↑+p Forward Neutron AN
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p↑+p Forward Neutron AN
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Spin flip
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Spin non-flip
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proton

a1 (1260) Reggeon  
Spin Parity = 1+

n + π+ component of 
proton GS contributes 

π+a1
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p↑+p Forward Neutron AN

Single transverse spin asymmetry of forward neutrons

B. Z. Kopeliovich, I. K. Potashnikova, and Iván Schmidt
Departamento de Fı́sica, Universidad Técnica Federico Santa Marı́a; and Instituto de estudios avanzados en ciencias en ingeniera;

and Centro Cientı́fico-Tecnológico de Valparaı́so; Casilla 110-V, Valparaı́so, Chile

J. Soffer
Department of Physics, Temple University, Philadelphia, Pennsylvania 19122-6082, USA

(Received 13 September 2011; published 14 December 2011)

We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.

DOI: 10.1103/PhysRevD.84.114012 PACS numbers: 13.85.Ni, 11.80.Cr, 11.80.Gw, 13.88.+e

I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).
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Atomic Mass Dependence of AN
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Can it be explained by the existing π and a1 Reggeon frame work?
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The First Time Ever  
High Energy              Collisions
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A-Dependent AN (inclusive)
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Present Frame Work



A-Dependent AN (inclusive)
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!!  

Absolutely Unexpected!

Analysis by  
Minjung Kim (SNU/RIKEN)



What is going on ?

•  Isospin Symmetry 
•  Surface Structure of 

Nucleus 
•  QED Process 
•  Gluon Saturation 
•  Else… 

# of proton # of neutron

p 1 0

Al 13 14

Au 79 118
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Electro-Magnetic  
Ultra Peripheral Collision (UPC)

neutron
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16/07/12 ICNFP2016 17

Peripheral 

p

A

p e

e

p e

e ↑

γ*

p

A

π+

n

α

↑

αΕΜ

n



Electro-Magnetic  
Ultra Peripheral Collision (UPC)

neutron

t 　→ 0

A A
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AN ∝2 Im φnon− flip
* φ flip sinδ{ }

Full Description of AN

(For pp)  → 0

φ flip = φ flip
had

+φ flip
EM

φnon− flip = φnon− flip
had

+φnon− flip
EM

Δ1∼4 : relative phase of amplitudes

AN ∝2 Im φnon− flip
had

+φnon− flip
EM( ) φ flip

had*
+φ flip

EM*( )
= 2 φnon− flip

had φ flip
had sinδ1 +φnon− flip

EM φ flip
had sinδ2 +φnon− flip

had φ flip
EM sinδ3 +φnon− flip

EM φ flip
EM sinδ4( )
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The LHCf experiment

4

ATLAS/LHCf
LHCb/MoEDAL 

CMS/TOTEM

ALICE

Charged particles

Neutral particles
Beam pipe

Protons

140m

p Pb

Measurement of  

25mm 
32mm 

• Inclusive photons 
• Inclusive π0 
• Inclusive neutron 

at the zero degree of collisions 
for testing  hadron interaction 
models used in CR air shower 
simulation.

Arm2

HESZ2015, Nagoya, Japan, 11 Sep. 2015 Hiroaki MENJO / 24
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LHCf Preliminary
=5.02TeVNNsLHC p-Pb, 

High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  
p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?
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Abstract We present a hadron production study in the for-
ward rapidity region in ultra-peripheral proton–lead (p+Pb)
collisions at the LHC and proton–gold (p + Au) collisions
at RHIC. The present paper is based on the Monte Carlo
simulations of the interactions of a virtual photon emitted by
a fast moving nucleus with a proton beam. The simulation
consists of two stages: the starlight event generator sim-
ulates the virtual photon flux, which is then coupled to the
sophia, dpmjet, and pythia event generators for the simula-
tion of particle production. According to these Monte Carlo
simulations, we find large cross sections for ultra-peripheral
collisions particle production, especially in the very forward
region. We show the rapidity distributions for charged and
neutral particles, and the momentum distributions for neutral
pions and neutrons at high rapidities. These processes lead to
substantial background contributions to the investigations of
collective nuclear effects and spin physics. Finally we pro-
pose a general method to distinguish between proton–nucleus
(p+ A) inelastic interactions and ultra-peripheral collisions
which implements selection cuts based on charged-particles
multiplicity at mid-rapidity and/or neutron activity at nega-
tive forward rapidity.

1 Introduction

High-energy p + A collisions can be classified into the fol-
lowing two categories depending on the impact parameter b.
In the first category, p + A collisions occur with geometri-
cal overlap of the colliding proton and nucleus, where the
impact parameter is smaller than the sum of the radii of each
particle, namely, b < Rp + RA (Rp and RA are the radius of
the proton and nucleus, respectively).

In the second category instead, the impact parameter
exceeds the sum of the two radii, b > Rp + RA, thus there
is no geometrical overlap between the colliding hadrons and
hadronic interactions are strongly suppressed. Nevertheless,

a e-mail: gaku.mitsuka@cern.ch

virtual photons emitted from one of the two colliding hadrons
may anyway interact with another hadron. This process is
usually referred to as ultra-peripheral collision (UPC, see
Ref. [1,2] for a review).

UPCs, so far, have been used for the determination of
the gluon distribution in protons and nuclei. For example,
photoproduction of quarkonium in ultra-peripheral p + A
collisions can probe a high, or possibly saturated, parton
density in protons at small Bjorken-x (i.e., small parton
momentum fraction of the momentum of protons). Indeed
measurements already exist of exclusive J/ψ photoproduc-
tion at the CERN Large Hadron Collider (LHC), namely,
p + Pb → p + Pb + J/ψ [3]. Conversely, less attention
has been paid, in UPCs, to particle production in general
photon–proton interactions, i.e., γ + p → X , but neverthe-
less such particle production should be considered as well
in the investigation of collective nuclear effects. Because a
large cross section is expected, this process in UPCs pro-
vides significant background events to pure p + A inelastic
interaction events (hereafter “hadronic interaction”, unless
otherwise noted) used for such investigations. Indeed, a siz-
able cross section was found for hadron production in ultra-
peripheral d + Au collisions [4], which amounted to ∼10 %
of the d + Au inelastic cross section. However, in Ref. [4],
only the cross section for UPCs was presented, and the dis-
cussion of the rapidity and momentum distributions of the
UPC induced events was unfortunately neglected.

In this paper, we discuss the effects of particle production
by γ + p interaction in ultra-peripheral p+A collisions com-
pared to the measurements of hadronic interactions in terms
of the rapidity and momentum distributions, especially in for-
ward rapidity regions at the LHC and the BNL Relativistic
Heavy Ion Collider (RHIC). Concerning p + Pb collisions
at

√
sNN = 5.02 TeV at the LHC, we perform the calcula-

tions assuming that the measurements of π0s and neutrons
are made with zero-degree calorimeters (ZDCs, for example,
the ATLAS-ZDCs [5]) and the LHCf detector [6], which are

123
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PHENIX Detector
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Beam-Beam Counter
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PHENIX Detector

Quartz Cherenkov radiator 

ZDC

Dipole Bending Magnet

BBC



Can we identify UPC events?

24

BBCΔ ZDC

Dipole

n

π+
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UPC MC : SOPHIA 
G. Mitsuka, Eur. Phys. J.C. (2015) 
75:614

BBC tag veto 　
UPC Small Large

Semi-Inclusive 

94%
6%π+



AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing

25

A (atomic mass number)
0 50 100 150 200

N
A

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

p+p p+Al p+Au

 n+X→+A ↑p

22% scale uncertainty not shown

= 200 GeVs
>0.5Fx

<2.2 mradθ0.3<

ZDC inclusive �� ����
����������	

Inclusive

16/07/12 ICNFP2016



AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing
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AN ~ had *had + had *EM +EM *had +EM *EM

BBC Tagging and Vetoing
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BBC Vetoing
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Summary

•  Diffractiveness seems to play a key role 
in A(Z)-dependent AN.  

•  EM process tends to be diffractive due 
to large impact parameter.  

•  interaction or/and EM*hadronic 
interference may cause large positive 
AN in large A. 

•  Hadronic Interaction likely to keep 
negative AN between p+p and p+A. 
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